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Abstract
Spin sensitive bleaching of the absorption of far-infrared radiation has been
observed in p-type GaAs/AlGaAs quantum well structures. The absorption
of circularly polarized radiation saturates at lower intensities than that of
linearly polarized light due to monopolar spin orientation in the first heavy
hole subband. Spin relaxation times of holes in p-type material in the range
of tens of ps were derived from the intensity dependence of the absorption.
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A substantial portion of current research in condensed-matter physics is directed towards
understanding various manifestations of spin-dependent phenomena like giant magneto-
resistance, heavy fermions, Kondo scattering, superconductivity and others. In particular,
the spin of electrons and holes in solid state systems is the decisive ingredient for active
spintronic devices [1,2] and several schemes of quantum computation [3–5]. Especially the
combination of ferromagnetic materials with semiconductors seems to be a promising com-
bination for novel functional concepts. Open problems which have to be addressed in this
respect involve spin-injection into semiconductors, spin relaxation in low dimensional semi-
conductor structures as well as spin detection. Significant progress was made recently: it
was shown that spin polarized electrons (or holes) can be injected from semimagnetic (or
ferromagnetic) semiconductor materials into semiconductors [6,7]. The presence of spin po-
larized electrons can be probed by analyzing the Kerr effect [8] or by analyzing the degree of
circular polarization of light which gets emitted when polarized electrons (holes) recombine
with holes (electrons). The inverse process, exciting free carriers by circularly polarized light
due to optical orientation [9] is frequently used to prepare an ensemble of spin polarized car-
riers. In low-dimensional systems with band splitting in k-space due to k-linear terms in the
Hamiltonian optical excitation not only leads to a spin polarized ensemble of electrons but
also to a current whose sign and magnitude depends on the degree of circular polarization
of the incident light (circular photogalvanic effect, [10]).
For the realization of spintronic devices sufficiently long spin dephasing times in semi-
conductor quantum well (QW) structures are crucially needed. Spin transport must occur
without destroying the relevant spin information. Current investigations of the spin lifetime
in semiconductor devices [11–16] are based on optical spin orientation by interband excita-
tion and further tracing the kinetics of polarized photoluminescence and investigation of the
dynamics of subsequent relaxation of spin polarized electron-hole pairs. Studies of bi-polar
spin orientation, where both electrons and holes got excited, gave important insights into the
mechanisms of spin relaxation of photoexcited free carriers. We show below that by combin-
ing the circular photogalvanic effect (CPGE) [10] with saturation (bleaching of absorption)
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spectroscopy [17–21] we are able to probe spin relaxation for monopolar spin orientation.
In contrast to the conventional methods of optical spin orientation, in our measurements
only one type of charge carriers (electrons or holes) gets spin oriented and is involved in re-
laxation processes. This is achieved by using radiation in the terahertz range which excites
intraband or intersubband, but no interband (from valence to conduction band), transitions.
Monopolar spin orientation allows to study spin relaxation without electron-hole interaction
and exciton formation. The most important advantage of monopolar spin orientation is
that relaxation processes can be investigated for electrons in n-type material and for holes
in p-type material; both can be measured independently. These conditions have not been
met previously in quantum well structures where, due to interband excitation, only the
spin relaxation times of optically generated minority carriers were accessible (for reviews
see [14–16]).
Here we report the first observation of spin sensitive bleaching of the heavy hole hh1-
light hole lh1 absorption in p-type QW structures which allows to investigate spin relax-
ation for a monopolar spin orientation. The basic physics is sketched in Fig. 1. Exciting
with circularly polarized light results in direct intersubband transitions (solid arrow) which
depopulate and populate selectively spin states in the valence subbands (hh1 and lh1) and
cause a monopolar spin polarization. Spin relaxation inside the hh1-subband is characterized
by the relaxation time τs. Relaxation from the lh1- subband back to hh1 is characterized
by a spin independent energy relaxation time τe as the dominating transitions in this energy
range are indirect (broken arrows in Fig. 1), mediated by phonons. The absorption coeffi-
cient α is proportional to the difference of the populations of the initial and final states. At
high intensities the absorption coefficient decreases since the photoexcitation rate becomes
comparable non-radiative relaxation rate into the initial state. Thus absorption bleaching of
circularly polarized radiation governed by both the hole spin relaxation in the initial state
and the energy relaxation of photoexcited carriers characterized by the spin relaxation time
τs and the energy relaxation time τe, respectively. In contrast to circularly polarized light,
optical transitions induced by linearly polarized light are not spin selective and the satu-
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ration is controlled by the energy relaxation of photoexcited carriers only. The difference
in absorption bleaching for circularly and linearly polarized radiation can be observed ex-
perimentally as is pointed out below. The method introduced here can also be applied for
n-type QWs using direct inter-subband transitions in the conduction band.
The experiments have been carried out on modulated doped p-GaAs/AlGaAs (311)-
MBE-grown samples with a single QW or 20 QWs of the width LW=15 nm and with the
period d= 1300 nm for multiple QW-structures. Samples with free carrier densities ps
of about 2 · 1011 cm−2 and mobilities around 5x105 cm2/Vs were studied in the range from
liquid helium to room temperature. A pair of ohmic contacts have been centered on opposite
sample edges along the direction x ‖ [11¯0] (see inset in Fig. 2) [10]. As terahertz radiation
source a high power far-infrared molecular laser, optically pumped by a TEA-CO2 laser,
has been used delivering 100 ns pulses with intensities up to 1 MW/cm2 at wavelength
λ =148 µm. The radiation induces direct optical transitions between the first heavy-hole
and the first light-hole valence subband (see Fig. 1). A crystalline quartz λ/4 plate has been
used to obtain from the initially linearly polarized laser light circularly polarized radiation
with the degree of circular polarization Pcirc equal to ±1 for right and left handed circularly
polarized light, respectively.
The weak absorption of terahertz radiation by free carriers in QWs is difficult to de-
termine by direct transmission measurements particularly in the case of bleaching at high
power levels. Therefore the nonlinear behavior of the absorption has been investigated em-
ploying the recently observed circular and linear photogalvanic effects [10,22]. Both, the
circular photogalvanic effect (CPGE) and the linear photogalvanic effect (LPGE) yield an
electric current in x direction [23]. The absorption coefficient is proportional to photogal-
vanic current jx normalized by the radiation intensity I [24]. By choosing circularly or
linearly polarized radiation we thus obtain a photoresponse corresponding to the absorption
coefficient of circularly or linearly polarized radiation, respectively.
Our measurements, displayed in Fig. 2, indicate that the photocurrent jx depends at low
power levels linearly on the light intensity and gradually saturates with increasing intensity
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I as jx ∝ I/(1 + I/Is), where Is is the saturation intensity. This behavior of the current
corresponds to a constant absorption coefficient at low power levels and decreasing absorp-
tion with rising intensity. Saturation intensities Is have been measured for a wide range of
temperatures between 4.2 K and 200 K. The key experimental result is plotted in Fig. 3 and
show that the magnitude Is for the photogalvanic response on circularly polarized radiation
is generally smaller than that for linearly polarized radiation. The experimentally obtained
values increase from about 10 kW/cm2 at liquid helium temperature to 300 kW/cm2 at
200 K. At room temperature the saturation intensities get non-measurably large.
Over the whole temperature range the holes occupy in equilibrium the lowest heavy-
hole subband hh1. Absorption of far-infrared radiation occurs by direct optical transitions
from hh1 to the first light hole subband lh1 and for the wavelength 148 µm (photon energy
h¯ω = 8.3 meV) used here takes place close to k = 0, as is sketched in Fig. 1. Thus, the optical
dipole selection rules for the absorption are ∆m = ±1 with angular momentum quantum
number m = ±3/2 for the initial state and m = ±1/2 for the final state [25]. The insets
in Fig. 3 show the corresponding transitions for linear (top left) and circular (bottom right)
polarization by full arrows. Linearly polarized radiation has been decomposed in right and
left handed circularly polarized light of identical amplitudes. Broken lines in these insets
indicate non-radiative energy and spin relaxation transitions.
Linearly polarized radiation (top left inset in Fig. 3) equally depopulates both spin-up
and spin-down states of the heavy hole subband and populates the first light hole subband.
With rising intensity these non-equilibrium populations approach each other causing the
bleaching of absorption which is controlled by the energy relaxation time τe. In contrast to
linear polarization the absorption of circularly polarized light is spin selective because only
one type of spin component is involved in the absorption process (illustrated in the right
bottom inset of Fig. 3). During energy relaxation to the initial state in subband hh1 the
holes loose the photoinduced orientation due to rapid relaxation [25]. Thus, spin orientation
occurs in the initial subband hh1, only. Bleaching of absorption is hence controlled by two
time constants, the energy relaxation time τe and the spin relaxation time τs. Note that τe
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is the same for circular and linear polarization. If τs is of the order of τe or larger, bleaching
of absorption becomes spin sensitive and the saturation intensity of circularly polarized
radiation drops below the value of linear polarization.
Spin sensitive bleaching can be analyzed in terms of excitation-relaxation kinetics taking
into account both optical excitation and non-radiative relaxation processes. The probability
rates for direct optical transitions from the hh1 states with m = ±3/2 to higher subbands
are denoted as W±. For linearly polarized light, W+ and W− are equal. For the circular
polarization, right handed, σ+, or left handed, σ−, the rates W± are different but, due to
time inversion symmetry, satisfy the condition W+(σ±) = W−(σ∓). If p+ and p− are the 2D
densities of heavy holes with spin +3/2 and −3/2, respectively, then the rate equation for
p+ can be written as
∂p+
∂t
+
p+ − p−
2τs
= −W+ +
1
2
(W+ +W−). (1)
The corresponding equation for p− is obtained by exchange of indices ± → ∓. Since the
laser pulse duration was longer than any expected relaxation time we consider the steady-
state solution of the rate equations and omit the time derivative in Eq. (1). The second
term on the left-hand side of Eq. (1) describes the spin relaxation trying to equalize the
polarization of the ±3/2 states. The first term on the right-hand side describes the removal
of holes from the hh1 subband due to photoexcitation while the second term characterizes
the relaxation of holes which come down to the +3/2 and −3/2 states with equal rates (see
insets in Fig. 3). The right side of the Eq. (1) is proportional toW+−W− =
αdI
h¯ω
(ρ0Pcirc−ηρ),
where ρ = (p+ − p−)/ps is the hole spin polarization degree, ρ0 is the excitation induced
spin polarization, and η ≈ fi/(fi − ff ) ≈ 1 describes the difference between the population
of the initial state, fi, and the final state, ff , respectively.
Bleaching of absorption with increasing intensity is described by the function α = α0[1+
(I/Ise)]
−1 where α0 is the absorption coefficient at low intensities and Ise is the characteristic
saturation intensity controlled by energy relaxation of the hole gas. Since the photocurrent
jLPGE induced by the linearly polarized radiation is proportional to αI, one has
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jLPGE
I
∝
1
1 + I
Ise
. (2)
The photocurrent jCPGE induced by the circularly polarized radiation is proportional to
W+ −W−. Solving Eqs. (1,2) in the steady-state regime we obtain
jCPGE
I
∝
1
1 + I
(
1
Ise
+ 1
Iss
) , (3)
where Iss = h¯ωps/(α0dτs) is the saturation intensity controlled by the hole spin relaxation.
The saturation intensities Iss and Ise were extracted from the measured saturation inten-
sities Is of linear and circular photogalvanic current (Fig. 3). Using Iss together with the
absorption coefficient α0, calculated after [26] for the wavelength used here, spin relaxation
times τs have been derived. The results are plotted in Fig. 4 as a function of temperature.
At low temperatures the relaxation times vary like T−
1
2 .
The magnitude of the observed hole spin relaxation time τs in the first heavy hole sub-
bband hh1 is in very good agreement to previously published data obtained from the inter-
band recombination kinetics of circularly polarized photoluminescence [14–16,27–31]. These
works, the relation between spin relaxation time and free carrier density has been dis-
cussed in terms of the D’yakonov-Perel and the Bir-Aronov-Pikus mechanisms. In our case
of monopolar spin orientation photocreated carriers and electron-hole pairs do not exist.
Thus, in contrast to all previous experiments were hole spin relaxation times were probed
by interband excitation, the Bir-Aronov-Pikus mechanism is absent and the spin relaxation
is not affected by high density photocreated carriers, exciton formation and interband re-
combination. The D’yakonov-Perel mechanism was investigated theoretically by Ferreira
and Bastard [25,32] for spin relaxation of hh1-holes in GaAs based QWs. The values of τs
on the order of 10 ps as well as the observed temperature dependence τs ∝ T
−1/2 are in
accordance with these calculations for samples with parameters as in our experiment.
In conclusion, our experimental results demonstrate that absorption of terahertz radia-
tion by inter valence band transitions in p-type QWs becomes spin sensitive at high power
levels. The saturation of circularly polarized radiation, which is measured in QWs by the
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circular photogalvanic effect, yields the spin relaxation times of majority carriers, in our case
holes. Finally we would like to emphasize that spin sensitive bleaching is also expected for
inter-subband transitions in n-type QWs and may be used to extract spin relaxation times
of electrons in n-type materials.
We thank L. Golub for helpful discussions. Financial support by the DFG, the RFBR,
the INTAS and the NATO linkage program is gratefully acknowledge.
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FIGURES
FIG. 1. Sketch of direct optical transitions (full line) between the first heavy hole and the
first light hole subband in p-GaAs/AlGaAs QWs. While the splitting of the bands in k-space
is necessary for an understanding of the circular photogalvanic effect [10] it is unimportant for
the saturation process and ignored in the sketch. The absorption of far-infrared radiation with
wavelength of 148 µm (photon energy h¯ω = 8.3 meV) occurs very close to k = 0. Therefore the
initial and final states are characterized by angular momentum quantum numbers m = ±3/2 and
±1/2, respectively. Dashed lines shows the energy relaxation of photoexcited carriers. εF is the
Fermi energy.
FIG. 2. Photogalvanic current jx normalized by the intensity I as a function of I for cir-
cularly and linearly polarized radiation. Measurements are presented for T = 20 K. The inset
shows the geometry of the experiment where eˆ indicates the direction of the incoming light. The
current jx flows along the [11¯0]- direction at normal incidence of radiation on p-type (113)A- grown
GaAs/AlGaAs QWs. In order to obtain the circular photogalvanic effect (CPGE) right or left cir-
cularly polarized light has been applied. To obtain the linear photogalvanic effect (LPGE) linearly
polarized radiation with the electric field vector E oriented at 45 degrees to the direction x was
used. The measurements are fitted to jx/I ∝ 1/(I + I/Is) with one parameter Is for each state of
polarization (full line: circular, broken line: linear).
FIG. 3. Temperature dependence of the saturation intensity Is for linearly and circularly polar-
ized radiation. The dependence is shown for one p-GaAs/AlGaAs (311)-MBE-grown sample with
a single QW of LW=15 nm width. The free carrier density is 1.66 · 10
11 cm−2 and the mobility
is 6.5x105 cm2/(Vs). Insets show a microscopic picture explaining the origin of the difference in
saturation intensities.
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FIG. 4. Experimentally determined spin relaxation times τs of holes in p-type GaAs/AlGaAs
QWs as a function of temperature. Open triangles and full dots corresponds to (113) MBE-grown
15 nm single and multiple (20) QWs, respectively. Free carrier densities of all samples were about
2 · 1011 cm−2 for each QW.
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